Fusion of the prostate-specific and androgen-regulated transmembrane-serine protease gene (TMPRSS2) with the erythroblast transformation-specific (ETS) family members is the most common genetic alteration in prostate cancer. However , the biological and clinical role of TMPRSS2-ETS fusions in prostate cancer , especially in problematic prostate needle core biopsies , has not been rigorously evaluated. We randomly collected 85 specimens including 50 archival prostate cancer tissue blocks , 15 normal prostate specimens , and 20 benign prostatic hyperplasia specimens for TMPRSS2-ETS fusion analyses. Moreover, the fusion status in an additional 20 patients with initial negative biopsies who progressed to biopsypositive prostate cancer at subsequent follow-ups was also characterized. Fluorescently labeled probes specific for ERG-related rearrangements involving the TMPRSS2-ERG fusion as well as TMPRSS2-ETV1 and TMPRSS2-ETV4 were used to assess samples for gene rearrangements indicative of malignancy under a design of sequential trial. Rearrangements involving TMPRSS2-ETS fusions were detected in 90.0% of the 50 postoperative prostate cancer samples. The positive rate for the rearrangements in the initial prostate cancer-negative biopsies of 20 patients who eventually progressed to prostate cancer was 60.0% (12/20). Our preliminary study demonstrates that the clinical utility of TMPRSS2-ETS fusion detection as a biomarker and ancillary diagnostic tool for the early diagnosis of prostate cancer is promising , given this approach shows significant high sensitivity and specificity in detection.
Serum prostate-specific antigen (PSA) measurement has led to a dramatic increase in prostate cancer detection. It has the advantage of being a noninvasive approach. However, there is little doubt that it has great limitations as well. For example, PSA is often elevated in benign conditions, such as benign prostatic hyperplasia and prostatitis, likely accounting for the poor specificity of the PSA test, which has been reported to be only 20% at a sensitivity of 80%. 1 This can readily be explained by the fact that PSA is not specific for prostate cancer. One approach to improve diagnostic accuracy of tests for prostate cancer is to identify prostate cancer-specific genes.
Recently, fusion of the prostate-specific and androgen-regulated transmembrane-serine protease gene (TMPRSS2) with the erythroblast transformation-specific (ETS) family members (eg, ERG, ETV1, and ETV4) was identified as a common molecular event in prostate cancer.
2,3 ERG-related rearrangements mainly involving the TMPRSS2-ERG fusion were present in 40 to 80% of primary prostate cancer. Additionally, the TMPRSS2-ETV1 fusion had a prevalence of approximately 1 to 27% of PSA-screened prostate cancer, 2,4 -6 whereas the TMPRSS2-ETV4 fusion was identified with a prevalence of only 1.02%. 3 Furthermore, Perner et al 7 confirmed that the TMPRSS2-ERG fusion occurred early in the development of invasive prostate adenocarcinoma. Thus, these studies highlighted the potential of TMPRSS2-ETS gene fusions to serve as a specific biomarker for the early diagnosis of prostate cancer and to play an important role in the pathogenesis of prostate cancer.
In the present study, we first analyzed a series of 50 formalin-fixed paraffin-embedded prostate cancers for the detection of ERG related rearrangements, TMPRSS2-ETV1 and TMPRSS2-ETV4 fusion genes using a multiprobe fluorescence in situ hybridization (FISH) assay. Moreover, the fusion status in an additional 20 patients with initial prostate cancer-negative biopsies who progressed to biopsy-positive cancer at subsequent followups was also characterized to determine whether the TMPRSS2-ETS fusion could become an effective biomarker for the early diagnosis of prostate cancer.
Materials and Methods

Tissue Specimens
We randomly selected 50 archival prostate adenocarcinoma blocks from patients operated in the Third Table 2 ). The TMPRSS2-ETS fusion status was examined in the initial prostate biopsy specimens by a multiprobe FISH assay. The Institutional Ethics Committee approved this study, and all patients provided their written informed consent to this work.
Pathological Analyses
Histopathological diagnosis was confirmed by two independent pathologists (Z.-L.S. and D.H.) on hematoxylin and eosin (H&E)-stained paraffin sections of each sample before FISH assessment. The morphological criteria for 'normal,' 'benign prostatic hyperplasia,' 'prostatic intraepithelial neoplasia, ' and 'malignant prostatic epithelium' conformed to previously published definitions. 8 -10 Immunostaining was performed using an avidin-biotin complex staining procedure as needed. Antigen retrieval was performed by treating with citrate buffer (pH 6.0) in a microwave oven for 15 minutes, with no tissue dropout. A cocktail of the three antibodies, including a rabbit monoclonal antibody to AMACR (P504S, Corixa, Seattle, WA) at a 0.5 g/ml dilution, a mouse monoclonal antibody (34␤E12, DAKO) to high-molecular-weight cytokeratin at a dilution of 1:50, and a mouse monoclonal antibody to p63 (NeoMarkers, Fremont, CA) at 0.5 g/ml was mixed and applied to the tissue sections for 45 minutes. After a buffer rinse, the polymer-based secondary antibodies with a mixture of anti-rabbit-alkaline phosphatase and anti-mouse-horseradish peroxidase conjugates (Biocare Medical, Walnut Creek , CA) were applied for 25 minutes. For double-color reactions, NBT (nitro blue tetrazolium) substrate buffer was subsequently developed for 8 minutes for AMACR, then AEC (3-amino-9-ethylcarbazole) substrate buffer for 34␤E12 and p63 was developed for 10 minutes. After development, the slides were rinsed in distilled water, counterstained with hematoxylin, and rinsed again. The slides were allowed to air dry and were coverslipped with permanent mounting media. Positive basal cell staining for 34␤E12 and p63 was defined as red nuclear and/or cytoplasmic staining in the basal cells. Positive AM-ACR staining was defined as continuous dark brown cytoplasmic staining or apical granular staining patterns in the epithelial cells. In addition, negative control staining with no primary antibody was performed, and prostate tissue from autopsy was used as a positive control.
11,12
FISH Analyses
Bacterial artificial chromosome (BAC) clones for TMPRSS2 (RP11-814F13, RP1-265B9, and CTD-2337B13), ERG (RP11-476D17 and RP11-95I21), ETV1 (RP11-692G10, RP5-856O24, and CTD-2134C13), and ETV4 (CTD-2326M16, RP11-100E5, and CTC-420I11) were purchased from Invitrogen (Carlsbad, CA). All of the BAC clones were directly labeled as probes by nick translation with fluorescein and/or tetramethylrhodamine (Beijing GP Medical Technologies, Inc., P.R. China). BAC clone information was obtained through the website of the National Center for Biotechnology Information (NCBI), and the probes were confirmed to map to the precise chromosome bands by using metaphase spreads from the blood lymphocytes of healthy donors. FISH was performed according to the manufacturer's protocols (Beijing GP Medical Technologies, Inc., P.R. China) with some minor modifications. Briefly, 3-m tissue sections were obtained from the tissue blocks and mounted on poly-L-lysine coated slides. After deparaffinization, the tissue sections were dehydrated in 100%, 85%, and 70% ethanol for 2 minutes each. After washing in deionized water for 5 minutes, the sections were boiled in deionized water at 100°C for 27 minutes and then digested with Proteinase K (200 g/ml) at 37°C for 7-15 minutes. Subsequently, the sections were washed twice in 2ϫ saline/sodium citrate (SSC) for 5 minutes, fixed in 1% formaldehyde solution for 10 minutes, and dehydrated in an ethanol series for 2 minutes each. The sections on slides were then dried and 10 l of probe mix solution (1 l probe mix, 7 l hybridization, and 2 l water) was applied over the target area on each slide. The slides were then coverslipped, sealed with rubber cement, and codenatured at 84°C for 8 minutes and hybridized at 42°C for 16 hours. Posthybridization washing was done with 2ϫ SSC/ 0.1%NP-40 for 5 minutes and then 70% ethanol for 5 minutes. The section slides were counterstained, mounted by DAPI, and examined under oil objective original magnification (ϫ100) using an Olympus fluorescence microscope (Olympus Co., Tokyo, Japan) and imaged with a CCD cam-era using the IMSTAR software system (IMSTAR S.A., Paris, France).
Criteria that Determined FISH Positivity
A break-apart-rearrangement model was designed for the ERG probe ( Figure 1A ). This design permitted the detection of rearrangements between the ERG gene and a partner gene, such as TMPRSS2, as well as deletion of the gene. Two yellow (red/green fusion) signals in a cell indicated a normal signal pattern, whereas one yellow/ one green (or one red) or one yellow/one green/one red in a cell commonly represented abnormal signal patterns indicative of partial deletion or translocation, respectively. A dual-color dual-fusion model was used for the design of TMPRSS2-ETV1 and TMPRSS2-ETV4 fusion probes (Figure 1 , B and C). For a normal signal pattern, two red/two green signals should be observed in a cell, whereas one green/one red/two yellow signals in a cell indicated an abnormal signal pattern.
The criteria for FISH positivity were determined by evaluating specimens from 50 prostate cancer patients (case 1-50) and 35 controls (20 cases with benign prostatic hyperplasia and 15 with normal prostates) based on the numbers of cells with abnormal signal patterns for TMPRSS2-ETS fusions. A receiver operator characteristics curve, which compared the sensitivity and specificity of various cutoffs for numbers of cells with abnormal signal patterns, for these two groups of patients, was then used to determine the cutoff that should be used to interpret a positive result. In detail, for ERG related rearrangements, the optimal cutoff for positivity was seven or more cells with the abnormal signal pattern in a random count of at least 400 cells. For the TMPRSS2-ETV1 fusion, the optimal cutoff was three or more cells with the abnormal signal pattern in a random count of at least 400 cells. For the TMPRSS2-ETV4 fusion, the optimal cutoff was one or more cells with the abnormal signal pattern in a random count of at least 400 cells. The prostate cancer specimens were analyzed by FISH under a design of sequential trial. That is, all specimens were initially carried on ERG related rearrangements detection; subsequently, the TMPRSS2-ETV1 probe was used to detect the specimens with negative ERG related rearrangements; finally, the negative specimens by both ERG related rearrangements and TMPRSS2-ETV1 detections underwent further analysis with the TMPRSS2-ETV4 probe. In detail, 50 sections were used for ERG related rearrangements detection; 11 sections for TMPRSS2-ETV1 fusion detection and 6 sections for TMPRSS2-ETV4 fusion detection in large tissue samples of prostate cancer. In biopsy tissue samples, we used 40 sections, 20 of which for ERG related rearrangements detection, 11 for TMPRSS2-ETV1 fusion, and 9 for TMPRSS2-ETV4 fusion.
In large specimens of normal prostate and benign prostatic hyperplasia, three sections (one for ERG related rearrangements detection, one for TMPRSS2-ETV1 fusion, and one for TMPRSS2-ETV4 fusion) were used in each case. Overall, 45 sections from normal prostate tissue and 60 from benign prostatic hyperplasia were used for the detection of ERG related rearrangements, TMPRSS2-ETV1 fusion, and TMPRSS2-ETV4 fusion. Evaluation of FISH results from each sample was independently performed by two experienced operators, and any discrepant scores were reexamined to achieve a consensus result.
Statistical Analyses
The sensitivity of the multiprobe FISH assay was determined for the 50 specimens with pathology proved pros- tate cancer. Associations between clinicopathologic parameters and the TMPRSS2-ETS fusion status were examined using Fisher's exact tests. Data were analyzed using SPSS 13.0 software package (SPSS, Chicago, IL), and a two-tailed P value of less than 0.05 was considered statistically significant.
Results
Under the design of sequential trial, we first conducted FISH detection on ERG-related rearrangements. Of the 50 prostate cancer samples, 39 (78.0%) demonstrated positive for ERG rearrangements (Figure 2, A and B) . Of the remaining 11 cases that were negative for ERG related rearrangements, five cases were considered positive for TMPRSS2-ETV1 (Figure 2, C and D) . In the remaining six cases with negative results for both the ERG and TMPRSS2-ETV1 probes, only one case was detected positive for the TMPRSS2-ETV4 fusion (Figure 2, E and F) . Altogether, the positive rate for ERG related rearrangements as well as TMPRSS2-ETV1 and TMPRSS2-ETV4 fusions in the 50 prostate cancer samples was 90.0% (45/50).
In contrast, none of the 15 normal prostate and 20 benign prostatic hyperplasia samples demonstrated the aforementioned genetic aberrations (Figure 2, G and H) . There was no statistical significance between the TMPRSS2-ETS fusion status and Gleason score (P ϭ 0.204). We also did not find any association between tumor stage and the TMPRSS2-ETS fusion status (P ϭ 0.554). Similarly, no statistically significant association was found between preoperative PSA and the fusion status (P ϭ 0.384, Table 1 ).
The additional 20 cases with initial negative biopsy results for cancer included six benign prostatic hyperplasia, seven benign prostatic hyperplasia with focal basement membrane disruption, five focal basement membrane disruption, and two high-grade prostatic intraepithelial neoplasia with focal basement membrane disruption ( Table 2 ). All of these patients progressed to prostate adenocarcinoma as confirmed by subsequent repeat prostate biopsies at a mean time of 29.2 months of follow-up (median 27.5 months, range 15-48 months). Notably, in the initial prostate biopsy samples, nine cases were found positive for the ERG rearrangements (Figure 3 , A-C), two cases positive for the TMPRSS2-ETV1 fusion (Figure 3, D-F) , and one case positive for the TMPRSS2-ETV4 fusion (Figure 3, G-I) . In total, the positive rate for ERG-related rearrangements as well as TMPRSS2-ETV1 and TMPRSS2-ETV4 fusions in the 20 prostate biopsy specimens was 60.0% (12/20) .
Discussion
At present, prostate biopsy is the conventional diagnostic approach for patients with an elevated PSA level of more than 3.0 ng/ml, which can detect prostate cancer in only about a third of the patients. 13 Moreover, pathological manifestations of early stages prostate cancer are mainly associated with the organization structure changes, but not the typical pathological changes of the cells, which are vulnerable to the experience of pathologists.
14 Numerous promising prostate cancer related biomarkers have been identified, including some genes specific for prostate cancer, such as AMACR, GOLPH2, SPINK1, TFF3, PCA3, and recurrent gene fusions involving TMPRSS2 and ETS family members. [15] [16] [17] In 2005, fusions of the 5Ј-untranslated region of TMPRSS2 with the ETS transcription factors (ERG, ETV1, and ETV4) were reported by Tomlins et al in prostate cancer, which was considered as the most common rearrangements identified in human malignancies. 2 Since then, several studies have reported on the diagnostic potential of TMPRSS2- 5 JMD September 2010, Vol. 12, No. 5 ETS fusions. TMPRSS2-ERG fusion transcripts were detected by RT-PCR in post-DRE urine samples from prostate cancer patients with the sensitivity at 32-42% and specificity at 93%, 17, 18 as well as in 15-20% of men with prostate cancer but having a normal DRE and a PSA level Ͻ4.0 ng/ml. 19, 20 However, the biological and clinical role of TMPRSS2-ETS fusions in prostate cancer, especially in problematic prostate needle core biopsies, has not been rigorously evaluated.
TMPRSS2-ETS Fusions in Prostate Cancer
Our present results demonstrated that the ERG rearrangements were present in 78.0% of cases (39/50), consistent with the previous studies by other groups who reported the presence of such rearrangements in 40 -80% of cases. 2,4 -6 Recently, conflicting data indicated the association of ERG related rearrangements with both improved and worsened patient outcomes. Many studies were unable to determine the association of ERG rearrangements with PSA recurrence and instead reported the association with assumed surrogates of cancer risk such as disease stage and Gleason grade. 4, 21 While some studies showed the correlation of ERG rearrangements with higher stage disease, 4 others reported either no association with Gleason score 7, 21 or an association with lower Gleason score and better survival. 6 The limitations of small cohort sample size and varied populations are likely responsible for these inconsistent findings and have led to the lack of consensus about whether the TMPRSS2-ETS gene fusions influence the risk of prostate cancer progression. In the present study, we did not observe any statistically significant association between the TMPRSS2-ETS fusion status and preoperative serum PSA, pTNM stage, and Gleason score.
Although the exact mechanism of ERG-related rearrangements primarily involving the TMPRSS2-ERG fusion is yet to be unraveled, this gene fusion has been considered as an early event involved in the development of prostate cancer. Several studies suggested that the TMPRSS2-ERG fusion protein was also present in benign prostatic hyperplasia, 22 high-grade prostatic intraepithelial neoplasia, 23 and even in nonmalignant tissue adjacent to prostate cancer foci 22, 23 ; however, the fact that our studies did not show TMPRSS2-ETS fusions in any of the 15 normal prostate and 20 benign prostatic hyperplasia samples demonstrated the specificity of TMPRSS2-ETS fusions in associations with prostate cancer. A significant clinical implication of our findings is to assess the TMPRSS2-ETS fusion status in problematic prostate needle core biopsies with high-grade prostatic intraepithelial neoplasia and focal basement membrane disruption. Our results showed the positive rate for ERG rearrangements as well as TMPRSS2-ETV1 and TMPRSS2-ETV4 fusions in the initial prostate cancer-negative biopsies of 20 patients who were eventually diagnosed with prostate cancer at 60.0% (12/20) , indicating that detection of such abnormalities by multiprobe FISH could be an extremely useful ancillary test for the early diagnosis of prostate cancer, given the number of prostate needle biopsies unable to yield a definitive diagnosis is significant. Basal cell specific immunohistochemical markers (eg, 34␤E12 and p63) and AMACR have been used as an adjunct in establishing a definitive diagnosis. 15, 24 When used in combination, these immunostains can assist a definitive diagnosis in about 70% of the cases. Implementation of the detection of TMPRSS2-ETS fusions by multiprobe FISH assay might increase the percentage even higher, considering this approach is a very specific and sensitive assay for the detection of gene rearrangements positive cancers.
Notably, one would envision that at least a few patients who underwent transurethral resection of the prostate would at some point have prostate carcinoma. In our opinion, the patient selection and follow-up time represent the key to the explanation of our results (that is, none of the negative transurethral resection of the prostate sections revealed translocations). All patients who underwent transurethral resection of the prostate have been re-reviewed in an adequate follow-up (at least 60 months) to support a no tumor outcome, whereas 20 retrospectively selected patients with initial negative biopsy results for cancer progressed to prostate cancer as confirmed by subsequent repeat prostate biopsies (follow-up time: 15-48 months). The positive rate for ERG related rearrangements as well as TMPRSS2-ETV1 and TMPRSS2-ETV4 fusions in the 20 initial prostate cancer-negative biopsy specimens was 60.0% (12/20) .
In summary, we demonstrated the usefulness of a multiprobe FISH assay on paraffin-embedded samples for the detection of TMPRSS2-ETS fusion genes in prostate cancer. There was no significant association between the fusion status and tumor stages. The clinical utility of TMPRSS2-ETS fusion detection as a biomarker and ancillary diagnostic tool for the early diagnosis of prostate cancer was promising, given this approach showed significant high sensitivity and specificity in detection.
